Two experiments were conducted to induce the delayed footpad reaction (DFR) to killed Staphylococcus aureus antigen. In Experiment 1, tracheal, cloacal, and choanal swabs were collected from chickens prior to sensitization with S. aureus to determine the carrier status of S. aureus. The second experiment compared the DFR to the delayed wattle reaction (DWR). Chickens were subjected to single or multiple sensitizations in the neck with S. aureus antigen between 4 and 6 wk of age. One week later, birds were challenged with S. aureus either in the right footpad or wattle. The left footpad or wattle was injected with PBS. The thicknesses of the footpad or the wattle were measured up to 96 h postchallenge. The recoveries of S. aureus from the choanal slit and trachea were significantly higher than that of the cloaca (P < 0.001). Birds of Experiment 1 showed a significant DFR (P < 0.0001) following intradermal challenge with killed S. aureus that was sustained through 48 h postchallenge with no difference in the DFR between carrier and noncarrier birds. In Experiment 2, the thicknesses of the footpad and wattle were significantly increased following challenge with S. aureus (P < 0.0001), with the footpad showing a greater response than the wattle (P < 0.001). Three sensitizing dosages, as compared to two dosages, resulted in a less pronounced DFR and DWR (P < 0.02). These results indicate that the DFR can be used as a delayed reaction model in the study of staphylococcosis in poultry.
INTRODUCTION
Staphylococcus aureus is very common and widespread. It can be isolated from the skin, nose, and mouth of healthy birds that show no signs of the clinical disease (Harry, 1967; Gross, 1978) . The invasion of S. aureus in the bones, joints, and footpads of birds can cause osteomyelitis, synovitis, and footpad dermatitis, respectively (Nairn, 1973; Anderson, 1983; Gross, 1984; Skeeles, 1991) . The natural populations of S. aureus found on the skin and respiratory tract of healthy birds are probably contributing to the source of infection when the clinical disease develops (Kinsman et al., 1981) .
Because S. aureus is an important pathogen in humans, mice and rabbits have been used extensively by medical researchers to study the pathogenesis of S. aureus. When these laboratory animals are repeatedly exposed to S. aureus and then challenged with intradermal injection of the same organism, they display cellmediated delayed-type hypersensitivity (DTH, Klein, 1990) . Hypersensitive animals are more susceptible to infection with S. aureus than nonsensitized controls (Taubler, 1968; Banerjee et al., 1971) . When mice were traumatized, only hypersensitive mice showed infiltration of S. aureus into the blood and bone (Banerjee et al., 1971) .
Delayed-type hypersensitivity may also play a role in the pathogenesis of staphylococcosis in poultry. Birds are in an environment in which S. aureus can be isolated from their beaks, skin, feet, and respiratory tracts and from the air in the poultry houses (Witte et al., 1977; Devriese, 1980) . During their lives, the birds could be repeatedly exposed to S. aureus, and sensitized through multiple challenges of the respiratory tract or the footpad. An eliciting challenge of S. aureus combined with stress may result in staphylococcosis. The eliciting challenge would most likely be through the footpad, but could occur through other sources such as vaccinating equipment contaminated with S. aureus. Anderson (1983) reported that staphylococcosis is more common among birds grown on wire, stubble, or on the ground where there are sharp objects. In this condition, the footpads become ulcerated, allowing a portal of entry for the S. aureus from the litter or feces.
Delayed-type hypersensitivity reaction to S. aureus has been established for the wattle in poultry and the footpad in mice (Banerjee et al., 1971; Easmon and Glynn, 1979) but has not been demonstrated in the footpad of poultry. Due to the importance of footpad in the sensitization of birds to S. aureus and the elicitation of staphylococcosis, the present study was conducted to establish a model for delayed footpad reaction (DFR) to killed S. aureus antigen and to compare it to the more traditional delayed wattle reaction (DWR) used in poultry. Because natural populations of S. aureus have been implicated as the source of infection for staphylococcosis, we also wanted to determine whether carrier status of bursectomized and control birds affected the DFR. Bursectomy was employed as a treatment to determine whether the DFR was a B cell-independent response.
MATERIALS AND METHODS
Chicks were raised in battery brooders using standard management procedures with ad libitum access to feed and water. The killed S. aureus (Wood 46 strain) used in the present study was purchased from Sigma Chemical Co. 3 Cell concentration was adjusted to 3 × 10 9 cells per milliliter using McFarland's standards (BSAC Working Party, 1991) .
Experiment 1
One-hundred twenty, 1-d-old straight-run White Leghorn chickens were evenly subjected to one of the following treatments: 1) surgical bursectomy immediately following hatch, 2) sham bursectomy, and 3) nonsurgical control. At 35 d of age, swab samples were collected from the tracheal entrance, choana (median slit on the palate that is the opening into the nasal cavities), and cloacal sphincter of each bird to determine the carrier status of S. aureus using Mini-Tip Culturette ® or S/P ® Brand Culturette. 4 The swabs were streaked directly onto Bacto ® Baird-Parker's Selective Agar 5 with Bacto ® EY Tellurite Enrichment. Plates were incubated at 37 C under aerobic conditions and examined after 24 h and again at 48 h, for black, shiny, convex colonies with narrow white margins surrounded by clear zones (Baird-Parker, 1969) . Colonies that produced these effects were designated "egg yolkpositive". One or more of such colonies were picked up from the plate and subcultured on Bacto ® Brain Heart Infusion, 5 and then incubated at 37 C for 18 to 24 h. The overnight broth culture of S. aureus was tested for production of coagulase using a standard test tube method with Bacto ® Coagulase Plasma. Cultures were recorded as coagulase-positive if partial or complete clotting occurred within 24 h. The egg yolk-positive and coagulase-positive isolates were classified as S. aureus.
At 37 d of age, each chick was sensitized with a s.c. injection in the neck of 0.2 mL of killed S. aureus antigen (3 × 10 8 cells per bird) diluted 1:1 (vol:vol) with polyethylene glycol. One week later, each chick was challenged intradermally with 0.1 mL of killed S. aureus antigen (1.5 × 10 8 cells per bird) diluted 1:1 with sterile PBS in the right footpad. The left footpad was injected with 0.1 mL of sterile PBS as a control . The thickness of the footpad was measured to the nearest 0.01 mm using a Digimatic Caliper 6 at 0, 4, 24, and 48 h postchallenge. Changes in thickness of the footpad were referred to as DFR and calculated using the following formula (Corrier and DeLoach, 1990 ):
DFR = thickness of the right footpad (S. aureus) -thickness of the left footpad (PBS).
Birds were euthanatized at 46 d of age using carbon dioxide asphyxiation; sex was determined during necropsy. Birds were examined to confirm surgical ablation of the bursa of Fabricius. Chicks showing bursa residues were excluded from the results.
Experiment 2
One-hundred twenty, 1-d-old straight-run Leghorn chickens were evenly employed in a 3 × 2 factorial arrangement of treatments. Treatments consisted of one, two, or three sensitizing dosages of S. aureus and two sexes. Two sites of S. aureus challenge (footpad vs wattle) were employed. Each chick in three treatment groups was sensitized at either 4, 5, and 6 wk of age, 5 and 6 wk of age, or 6 wk of age, respectively. For each sensitizing dose, chicks were injected s.c. in the neck with 0.2 mL of killed S. aureus (3 ×10 8 organisms per bird) diluted 1:1 with polyethylene glycol. At 7 wk of age, each chick was challenged intradermally either in the right footpad or right wattle with 1.5 × 10 8 of S. aureus diluted 1:1 with sterile PBS. The left footpad or wattle was injected with sterile PBS alone . The thickness of the footpad or wattle was measured at 0, 4, 24, 48, 72, and 96 h postchallenge. Changes in thickness of the footpad or wattle were referred to as DFR or DWR, and calculated using the foregoing formula.
Statistical Analysis
In Experiment 1, data for recovery of S. aureus were analyzed by chi-square test in a completely randomized design as a 3 × 3 × 2 factorial arrangement (swabbing site, bursectomy, and sex) (Steel and Torrie, 1980) . Footpad thickness data were analyzed by a three-way ANOVA (bursectomy, sex, and carrier status) with a split-plot in time postchallenge. The data of Experiment 2 were originally analyzed by a three-way ANOVA using challenge sites, number of sensitization, and the sex of the birds as the main effects. Challenge site (footpad vs wattle) had a significant effect (P < 0.001) on the delayed reaction to killed S. aureus; therefore, the data on the delayed footpad and wattle reactions were reanalyzed separately using a two-way ANOVA. A split-plot in time analysis was employed to access changes in thickness at 0, 4, 24, 48, 72, and 96 h following the eliciting challenge of S. aureus. Significant main effects and interactions were partitioned by Newman-Kuels' multiple range test (Steel and Torrie, 1980; SAS Institute, 1988) .
RESULTS
Nonsensitized birds injected with the carrier, polyethylene glycol, and intradermally challenged in the right footpad with killed S. aureus demonstrated significantly less pronounced footpad swelling when compared to sensitized birds (0.33 ± 0.15, n = 7 vs 0.89 ± 0.15, n = 8, P < 0.02, respectively, unpublished data). As a DFR was not apparent in nonsensitized birds, a nonsensitized treatment was not employed in the current study.
Experiment 1
Overall, approximately 49% of the birds tested for S. aureus were positive carriers ( Table 1 ). The recoveries of S. aureus from the choana and trachea were significantly higher than those from the cloaca (P < 0.0001). Bursectomy had no effect on recovery of S. aureus when compared to the controls (P < 0.42).
The DFR reached a maximum response as early as 4 h postchallenge with the eliciting dosage of killed S. aureus and was sustained up to 48 h postchallenge (P < 0.0001, Figure 1 ). If the level of swelling considered to be a positive response was set at 0.7 mm (the average DFR was 0.64 ± 0.06), then 57% (64/112) of the birds were positive by 24 h postchallenge. Twenty-three more birds were positive by 48 h postchallenge, resulting in a combined total of 78% (87/112). Males had greater footpad responses than females (0.74 ± 0.07 vs 0.55 ± 0.07, P < 0.05). Bursectomy did not significantly affect the occurrence, severity, or timing of the DFR to killed S. aureus (P < 0.58). There was no significant difference in the DFR between carrier and noncarrier birds (0.65 ± 0.05 vs 0.79 ± 0.12, P < 0.31).
Experiment 2
The response models for DFR and DWR were not identical. Footpads gave a greater response to S. aureus than the wattle (DFR 0.52 ± 0.03 vs DWR 0.37 ± 0.03, P < 0.001). The DFR and DWR to killed S. aureus increased significantly following challenge with S. aureus, reaching a maximum response at 48 and 24 h postchallenge, respectively (P < 0.0001, Figure 2 ). The DFR was also influenced differently by sex. Males showed a greater DFR to S. aureus than females (0.61 ± 0.05 vs 0.43 ±0.05, P < 0.01). The response model for the DWR following challenge with S. aureus also differed between sexes (sex by hours postchallenge, P < 0.0001, Figure 3) . Specifically, the DWR in males peaked as early as 4 h postchallenge as compared to 24 h postchallenge for females, with males having greater maximum responses.
The DWR was also influenced by the number of times the birds were sensitized. Three sensitizing dosages of killed S. aureus, as compared to two dosages, resulted in a less pronounced DWR (P < 0.04), whereas the DFR was similar regardless of the number of times birds were sensitized (P < 0.34, Figure 4 ). In addition, two sensitizing dosages for the DWR sustained a maximum response for a longer period of time (48 h) and dissipated less quickly (72 h) than one or three sensitizing dosages (sensitizing dosage by hours postchallenge, P < 0.0001, Figure 5 ).
The minimal level of swelling considered to be a positive response was set at 0.60 mm for the DFR and 0.40 mm for the DWR (based on an average DFR of 0.52 and DWR of 0.37). By 24 and 48 h postchallenge, 25/60 (42%) and 52/60 (87%) of the footpad responses and 45/60 (75%), and 48/60 (80%) of the wattle responses were positive, respectively.
DISCUSSION
Staphylococci are normal inhabitants of the skin and upper respiratory tract such as the nares and mouth of healthy birds (Gross, 1978) . Recoveries of S. aureus from a Purdue University flock of healthy chickens (Table 1) were similar to those of several previous reports (Harry, 1967; Smart et al., 1968; . Harry (1967) isolated S. aureus from the skin and nasopharynx of 49% of 276 birds with no pathological changes characteristic of staphylococcosis. Smart et al. (1968) reported a 71% incidence of S. aureus in the buccal cavities of turkeys. The lower recovery of S. aureus from the cloaca in the present study could be explained by the findings of Jensen et al. (1987) who showed that S. aureus adhered well in vitro to cells from tissues of the respiratory tract (bronchi, lungs, and air sac), but did not adhere well to cells from tissues of the alimentary tract. reported a 25% recovery of coagulase-positive S. aureus from 294 rectal swabs obtained from healthy hens in lay.
The bursa of Fabricius plays a vital role on the development of humoral immunity in chickens (Glick et al., 1956) . Jankovic et al. (1963) reported that bursectomy of chickens at hatching was followed by marked reduction of their ability to produce antibodies to bacterial and protein antigens due to the depletion of plasmocytic cells in the spleen, whereas the density of small lymphocytes, which are responsible for delayed reactive capacity, was only slightly affected. Bursectomized chickens, although immunologically deficient in antibodies when challenged, still exhibit a limited ability to produce antibody (Rose and Orlans, 1968; Bryant et al., 1973; Young et al., 1975) . The bursectomized birds of the current study were not tested for antibody, but it is highly probable that they had some remaining B cell activity. Our results in the present study were in agreement with previous observations (Jankovic et al., 1963; Warner et al., 1971; Theis and Thorbecke, 1973 ) that indicated that bursectomy of chickens at hatching, which reduces but does not eliminate B cell activity, did not impair their ability to develop DTH reaction. Warner et al. (1971) demonstrated a completely normal DWR in White Leghorn chickens that were hormonally bursectomized during the incubation of the embryos, and concluded that initiation and expression of a DTH response did not involve circulating antibody at any stage.
Delayed-type hypersensitivity has been demonstrated in chickens challenged with a variety of antigens (Warner et al. 1971; Timms et al., 1980; Dharsana and Spradbrow, 1985; Corrier and DeLoach, 1990; Bayyari et al., 1997) , including S. aureus . The DWR is commonly used to evaluate in vivo DTH reactions in chickens and is shown to be a valid method of assessing T cell-mediated immunity (Watabe and Glick, 1983; Dharsana and Spradbrow, 1985) . Corrier and DeLoach (1990) reported that the DWR was scarcely detectable at 12 h postchallenge, maximal at 24 h after tuberculin injection, and remained constant or decreased at 48 h postchallenge. The results of DWR in the present study (Figures 2 and 3) are consistent with previous observations Afraz et al., 1994) . induced DWR to killed S. aureus antigen in White Leghorn chickens, which reached the maximum response at 24 to 48 h postchallange. The footpad test has been used in mice and rats (Klein, 1990) , and usually peaks at 24 to 48 h postchallenge with antigen (Taubler, 1968) . Our result of DFR also met this criterion ( Figure  2 ). The demonstration of footpad and wattle swelling at 4 h postchallenge in the present study (Figures 1 and 2 ) may be simply due to the inflammatory response after challenge with S. aureus (Spitznagel, 1977) . Kuby (1994) reported that heterophils appeared early in the reaction to S. aureus, peaking by about 6 h and then declining in numbers; the small lymphocytes-macrophages dominated between 24 and 48 h after antigen exposure.
Our data showed that the S. aureus-induced DFR and DWR were greater in males than in females (Figure 3) . These results are consistent with those of , who showed a sex difference in DWR induced by S. aureus antigen in White Leghorn chickens. McCorkle et al. (1979) and Mashaly (1984) also supported hormonal involvement in cell-mediated immunity, such as DWR and the graft-versus-host reaction. Mashaly (1984) reported the inhibition of phytohemagglutinin-induced wattle reaction in caponized male White Leghorn chicks. Injection of phytohemagglutinin resulted in an increase in wattle thickness of 110% in caponized males compared to 363% in sham-operated control males.
The result that three sensitizing dosages induced less pronounced DWR than two sensitizing dosages ( Figure  4) was consistent with the observations of Edelman et al. (1986) and Cotter (1997) . Edelman et al. (1986) reported that dilutions of phytohemagglutinin-M that did not induce DWR did cause readily detectable responses when injected a second time 1 wk after a primary sensitizing injection; however, a third challenge after an additional week did not further increase the DWR, suggesting that maximum responsiveness was already obtained after the second sensitization. Although the DWR is generally considered to be a cell-mediated immune response (Klesius et al., 1977; , B cell-derived regulatory mechanism of delayed reaction cannot be excluded completely. Easmon and Glynn (1977) found that, in repeatedly infected mice, the effect of a humoral factor can override or suppress the cellmediated DTH response through antigen-antibody complexes that may switch off the T helper cell type 1 subset. This subset is responsible for classical cellmediated functions such as DTH reaction, activation of macrophages, and activation of T cytotoxic cells (Kuby, 1994) . The less pronounced DWR from three sensitizing dosages in our study (Figure 4 ) might be due to the complex inhibitory role of antibody on DTH. In conclusion, the present study demonstrated the ubiquity of S. aureus colonization in healthy chickens and that the DFR can be used as a delayed reaction model in the study of staphylococcosis in poultry.
